In contrast to studies on aboveground processes, the effect of species diversity on belowground productivity and fine-root regrowth after disturbance is still poorly studied in forests. In 12 oldgrowth broad-leaved forest stands, we tested the hypotheses that (i) the productivity and recovery rate (regrowth per standing biomass) of the fineroot system (root diameter < 2 mm) increase with increasing tree species diversity, and that (ii) the seasonality of fine-root biomass and necromass is more pronounced in pure than in tree species-rich stands as a consequence of non-synchronous root biomass peaks of the different species. We investigated stands with 1, 3, and 5 dominant tree species growing under similar soil and climate conditions for changes in fine-root biomass and necromass during a 12-month period and estimated fine-root productivity with two independent approaches (ingrowth cores, sequential coring). According to the analysis of 360 ingrowth cores, fine-root growth into the root-free soil increased with tree species diversity from 72 g m -2 y -1 in the monospecific plots to 166 g m -2 y -1 in the 5-species plots, indicating an enhanced recovery rate of the root system after soil disturbance with increasing species diversity (0.26, 0.34, and 0.51 y -1 in 1-, 3-, and 5-species plots, respectively). Fine-root productivity as approximated by the sequential coring data also indicated a roughly threefold increase from the monospecific to the 5-species stand. We found no indication of a more pronounced seasonality of fine-root mass in species-poor as compared to species-rich stands. We conclude that species identification on the fine root level, as conducted here, may open new perspectives on tree species effects on root system dynamics. Our study produced first evidence in support of the hypothesis that the fine-root systems of more diverse forest stands are more productive and recover more rapidly after soil disturbance than that of species-poor forests.
INTRODUCTION
Only recently, research on the functions of biodiversity has shifted its focus from grassland and herbaceous communities to forests (Scherer-Lorenzen and others 2007) . Experiments in synthetic grasslands have shown that increasing plant species diversity can enhance aboveground productivity, may increase the resilience of the community after disturbance, and can affect other functions of the ecosystem (Tilman and others 1996 (Tilman and others , 1997 (Tilman and others , 2001 Peterson and others 1998; Hector and others 1999; Tilman 1999; Chapin and others 2000; Hector 2001; Loreau and Hector 2001) . Much less is known about the functions of tree diversity in forests. Most of the existing studies on diversity effects in forests dealt with monocultures and two-species mixtures (Kelty 1992; Bartelink and Olsthoorn 1999) ; these trials produced contradictory results (Pretzsch 2005) . In addition, most of these studies investigated aboveground responses, whereas much less is known about effects of tree diversity on belowground processes such as root growth and turnover.
Although tree fine roots (<2 mm in diameter) represent only a minor part of total tree biomass, it has been suggested that they can consume up to 30-50% of the annual primary production (Vogt and others 1996; Ruess and others 1996; Xiao and others 2003) . Fine roots are not only responsible for water and nutrient uptake, but they are also an important component of the forest carbon cycle (for example, DeAngelis and others 1981; Fitter 1996) . In the vast majority of studies in mixed forests, fine roots have been investigated without species determination, but the ability to distinguish between species is crucial for detecting tree diversity and tree species effects in the fine-root systems of forests. To our knowledge, there exist only a few studies in mixed forests that used a determination key for distinguishing fine roots of different tree species (Hertel 1999; Hö lscher and others 2002; Korn 2004) .
Fine-root productivity can be measured with different methods, but the results depend strongly on the employed technique with lower values estimated with ingrowth cores and higher values calculated with sequential coring or minirhizotron approaches (McClaugherty and others 1982; Aber and others 1985; Nadelhoffer and Raich 1992; Makkonen and Helmisaari 1999; Hertel and Leuschner 2002; Hendricks and others 2006) . Fine-root growth into root-free ingrowth cores has frequently been used as a simple method to estimate fine-root production in forests (for example, Persson 1979 Persson , 1983 Vogt and others 1998; Makkonen and Helmisaari 1999; Jentschke and others 2001) . However, the manipulation of growth conditions (for example, root injury during installation, no competition processes, disturbed soil) may lead to biased results on root productivity . Therefore, fine-root growth into the ingrowth cores may be a more accurate estimate of the root recolonization potential after soil disturbance than for fine-root production under ambient soil conditions. Another technique that is often used for root production estimates is minirhizotrons (for example, Andren and others 1991; Majdi 1996; Johnson and others 2001) . This method is considered to track fine-root dynamics more reliably than soil cores (Trumbore and Gaudinski 2003; Hendricks and others 2006) , but it does not allow species determination in mixed stands. Sequential coring is a commonly used, but often problematic and labor-intensive method for estimating fine-root productivity that allows species identification at the fine root level (Hö lscher and others 2002) and thus has certain advantages when mixed stands are studied. It additionally provides information about seasonal changes in fine-root mass and hence on differences in fineroot phenology among the co-occurring tree species.
This study investigated fine-root biomass and its dynamics in temperate broad-leaved forests differing in tree species diversity. By comparing oldgrowth forests with one, three, or five dominant tree species, we aimed at detecting effects of tree species diversity or tree species identity on fine-root biomass, necromass, root mass phenology and root productivity. We employed two different approaches for estimating fine-root productivity, the ingrowth core and the sequential coring approach, which both enabled species identification on the basis of fine roots. Moreover, the ingrowth core data were interpreted as a measure of root system recovery after soil disturbance.
By measuring the seasonality in fine-root biomass and necromass in each plot with 1, 3, and 5 species and by quantifying fine-root growth dynamics (in each four plots per diversity level), we tested the hypotheses that (i) seasonal changes in fine-root mass are more pronounced in pure than in tree species-rich stands as a consequence of nonsynchronous root mass peaks of the different tree species during the growing season, and that (ii) productivity and regrowth rate of the fine-root system after disturbance increase with increasing tree species diversity.
MATERIALS AND METHODS

Study Site
The Hainich National Park in Thuringia (Germany) protects one of the largest continuous broad-leaved forest areas in Central Europe. The forest is mainly dominated by European beech (Fagus sylvatica L.), but in some parts, up to 14 tree species coexist, which is a consequence of contrasting forest management strategies in the past. We conducted the study in mature deciduous broad-leaved forest stands in the north-east of the National Park. In total, 12 study plots (50 9 50 m) were selected that cover a gradient from low to high tree species diversity. Plots of diversity level 1 (DL 1) contained mainly F. sylvatica (>95% of total basal area). Plots of diversity level 2 (DL 2) were built by Fagus s., Tilia sp. (T. cordata Mill. and T. platyphyllos Scop.) and Fraxinus excelsior L. The study plots of diversity level 3 (DL 3) were formed by Fagus s., Tilia sp., Fraxinus e., Carpinus betulus L. and Acer sp. (A. pseudoplatanus L. and A. platanoides L.). Additional rare tree species were Acer campestre L., Prunus avium L., Quercus petraea Liebl., Sorbus torminalis (L.) Crantz and Ulmus glabra L. A detailed description of the selection criteria for the study plots is given in Leuschner and others (2009) . Four study plots per diversity level were selected as replicates within an area of approximately 12 km 2 (mean minimum distance between the plots was 420 m) on nearly ground level terrain at an elevation of approximately 350 m asl. Annual mean air temperature was about 7.5°C and annual precipitation averaged at 670 mm (data of the nearby weather station Weberstedt/Hainich). All study plots showed comparable soils derived from the same bedrock (Triassic limestone covered by Pleistocene loess). Hence, soil texture and the thickness of the mineral soil above the bedrock were principally similar.
The selected plots represented mature forest stands with a closed canopy. Mean tree age was about 100 years; however, the Fagus trees in the DL 1 plots were older (146 years on average). The basal areas were similar between plots, but stem densities were somewhat higher on the plots of DL 2 (Table 1) . Canopy height ranged from 26 m in plots of DL 3 to 38 m in plots of DL 1. The Shannon index increased from 0.2 in the almost monospecific beech plots to 1.8 in the DL 3 plots. Mean fineroot biomass (0-20 cm) ranged from 280 g m -2 in the DL 1 plots to 366 g m -2 in the DL 2 plots and did not differ significantly between the three different diversity levels (Meinen and others 2009) . The soil type of the plots was a Luvisol (IUSS Working Group WRB 2006) with stagnic properties in spring and winter and a dry period in summer (Figure 1 ). In the foliation period from mid-May to November, the soil temperature at 5 cm soil depth was 1°C higher at the DL 3 plots than at the DL 1 plots. Mineral soil bulk density increased with increasing soil depth from 1.1 g cm -3 in 0-10 cm (identical mean for plots of the three diversity levels) to 1.4 (DL 1 plots), 1.5 (DL 2 plots), and 1.3 g cm -3 (DL 3 plots) in 20-30 cm soil depth (Guckland and others 2009) . The soil texture (mineral soil at 0-30 cm) was rich in silt (ca. 82, 72, and 70% in the DL 1, DL 2, and DL 3 plots), but poor in sand (<5% in all plots of the three diversity levels). The pH(H 2 O) value in 0-10 cm soil depth ranged from 4.6 in the DL 1 plots to 6.7 in the DL 3 plots. Hence, base saturation was particularly low in the DL 1 plots. Soil organic carbon stocks in the upper mineral soil were not significantly different among the DL 1, DL 2, and DL 3 plots, but DL 1 plots showed a markedly higher C/ N ratio in this soil layer than DL 2 and DL 3 plots (ca. 17 vs. ca. 14 g -1 ). In contrast, DL 1 plots had somewhat lower SOC stocks in the lower mineral soil layers than the DL 2 and DL 3 plots, but no significant differences in the C/N ratio among the plots of the three diversity levels existed in the subsoil (Guckland and others 2009) . Although the DL 1 plots included a thin ectorganic litter layer of up to 4 cm depth (mean 1.5 cm) atop the mineral soil, no permanent organic layer was present in the DL 2 and DL 3 plots. Because the soils of all stands were derived from the same geological parent material, the marked differences in soil chemical properties between DL 1 plots and DL 2 and DL 3 plots are most likely to a large extent caused by the capability of beech to acidify the soil with its ligninrich leaf litter of low decomposability (for example, Hagen- Thorn and others 2004; Vesterdal and others 2008) . No significant differences in soil properties were apparent between DL 2 and DL 3 plots, which mostly consist of tree species with more rapidly decomposing leaf litter.
In all plots, mean daily soil temperature at 5 cm soil depth was monitored by nine temperature data loggers (DS 1921 Thermochron iButtons, Fa. Dallas Semiconductor, USA) per plot.
Fine-Root Sampling
A basic inventory of the standing fine-root biomass at the 12 plots of the three diversity levels was done in the years 2005 and 2006 at 24 sampling locations per plot (Meinen and others 2009) . The 24 soil coring locations per plot were randomly distributed within each stand and were representative for the different tree species combinations occurring in the plots. Soil samples were taken with a 3.5 cm diameter soil corer from the upper 20 cm of the soil (including the organic litter layer if present). The fine-root biomass of the samples was extracted as described below and the data were used to analyze differences in fine-root system size among the 12 plots (Meinen and others Diversity Effects on Tree Fine-Root Productivity 
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Data on basal area, stem density, canopy height, and base saturation from Jacob and others (2009) and Guckland and others (2009) , Shannon-index and evenness of tree species, pH values and herb cover data from Mölder and others (2006, 2008) and soil water content from Krä mer (unpublished). The data on aboveground structure refer to the total stand (that is, all tree individuals larger than 7 cm height); however, the contribution of the understorey was negligible in the study plots.
2009). The standing fine-root biomass recorded from this inventory is given in Table 1 ; it was used as a reference for calculating the fine-root recovery rate (ingrowth per standing biomass) in the ingrowth core approach (see below).
To record seasonal changes in fine-root bio-and necromass, a sequential coring campaign was conducted from April 2006 until January 2007. Due to the time-consuming work of fine-root sorting, we had to focus on one plot per diversity level, that is, three plots in total (DL 1a, DL 2c and DL 3a). Hence, generalization of the results obtained with this method is hampered. We took cores in spring (April 21, 2006) , summer (June 28, 2006) , autumn (September 27, 2006) and winter (January 15, 2007) . This sampling design was consistent to the inventory design described above. Each soil core was divided into two sub-samples: 0-10 cm (including the organic layer if present) and 10-20 cm. To extract the fine roots from the soil, the samples were soaked shortly in water and the fine roots were washed out using a sieve (mesh size 0.25 mm). Fine roots longer than 10 mm were picked out by hand with a pair of tweezers and separated under a stereomicroscope into the live and the dead fraction and were sorted according to species. Live and dead fine roots were distinguished by root elasticity, color, and the degree of the cohesion of stele and periderm (Persson 1978; Leuschner and others 2001) . Root death was indicated by a complete loss of stele and cortex, a dark cortex or stele, or a white, but non-turgid stele. Morphological characteristics like the surface structure, color of the periderm, type of mycorrhizal infection and ramification pattern were applied for species identification according to an identification key established for the occurring tree species by Hertel (1999) , Hö lscher and others (2002) and Korn (2004) . Grass and herb roots were distinguished from tree roots by their smaller diameter, non-lignified structure and lighter color. The fineroot fraction larger than 10 mm represents the major part of the living fine-root mass, but dead fine roots are often smaller due to progressive decay. A method introduced by van Praag and others (1988) and modified by Hertel (1999) was applied to one-sixth of all samples after extraction of fine roots larger than 10 mm in length. The soil residues were evenly distributed on a large sheet of filter paper (730 cm 2 ) subdivided into 36 squares. Six of these squares were randomly selected and the soil material was analyzed for even the smallest fineroot fragments under the stereomicroscope. However, these small root fragments could not be sorted by tree species. The dry mass of small dead rootlets was extrapolated to the entire sample by means of the ratio of small dead rootlets to large dead roots (>10 mm length) that was established in a subsample for each occurring species. The sorted fineroot biomass and necromass was dried at 70°C for 48 h and weighed. Fine-root mass was expressed as root abundance (unit: g m -2 ). Fine-root production was estimated with the 'minimum-maximum method' by using the sequential coring data (Persson 1978; McClaugherty and others 1982) . This method equates the difference between the minimum and the maximum of total fine-root mass (sum of fine-root bioand necromass) with the fine-root production in the measured period. The coring was conducted on four occasions within an 8-month period by assuming that no root mass peak occurred between the sampling dates. In principal, only significant differences between seasonal root mass peaks and lows should be considered when applying the minimum-maximum approach. Significant minimum-maximum differences were found only in a minority of cases (about 1/3). We assumed that a zero production of beech roots in the DL 1 plot is an unrealistic result and therefore we accepted the non-significant differences in root mass in the DL 1 plot as well. For other tree species in the mixed DL 2 and DL 3 plots, a zero production was similarly unlikely; thus we calculated the production with the non-significant differences in these cases as well. We are well aware that this procedure might lead to partly biased estimates of fine-root production. Ingrowth cores were applied as a second method for estimating fine-root productivity in the 12 plots (Persson 1980; Powell and Day 1991; Majdi 1996) . This approach quantifies the ingrowth of fine roots into root-free soil. We interpreted the fine-root regrowth (given as g m -2 y -1 ) not only as a measure of fine-root production, but also as an estimate of the recovery of the fine-root system after disturbance because this parameter quantifies the velocity at which fine roots re-explore empty soil volume after the initial cut off of the roots. In May 2005, 30 ingrowth cores per plot were installed at random locations and resampled after 24 month in May 2007. Soil cores were extracted from the topsoil down to 20 cm depth with a sharp soil corer (diameter 3.5 cm), the soil material was cleaned by hand from all macroscopically visible live and dead rootlets and the cores were replaced into the hole. The minimum distance between two ingrowth cores was 1 m. The edges were marked accurately at the soil surface. The structure and density of the extracted soil was conserved as much as possible. To minimize soil disturbance no mesh bags were used. We observed fine-root growth in 2-month intervals by harvesting single ingrowth cores to determine the beginning of fineroot growth into the cores. These data indicate that fine-root growth started in the bulk of the ingrowth cores around May 2006, that is, after a 12-month lag period. We harvested all cores in May 2007 and calculated fine-root growth into the cores by quantifying the dry mass of larger (>10 mm length) root segments (living and dead) as described above. We calculated the fine-root recovery rate (y -1 ) of the different tree species in the ingrowth cores by relating annual fine-root regrowth into the ingrowth cores to standing fineroot biomass in undisturbed soil in the plots recorded in close vicinity to the ingrowth cores (Meinen and others 2009; Table 1 ).
Statistical Analyses
The Shapiro and Wilk test was used to analyze all data sets for normal distribution. Fine-root mass data sets from the sequential coring approach showed non-normal distributions and remained skewed even after log or root transformation. Therefore, the data sets were tested by KruskalWallis single factor analysis of variance followed by a non-parametric Mann-Whitney two sample Utest to detect significant differences in total fineroot mass between different sampling dates. The ingrowth core data sets showed normal distribution and were tested for significant differences between diversity levels by an ANOVA procedure followed by a Scheffé f-test. All analyses were accomplished at a 5% rejection level. The software package SAS, version 8.2 (SAS Institute Inc., Cary, NC, USA), was used for the analyses.
The dependence of tree fine-root production (sequential coring data) on the Shannon-index of the tree species and on standing fine-root biomass was analyzed with a Spearman rank correlation analysis (using SAS software). The dependence of tree and herb fine-root regrowth in the ingrowth cores on Shannon-index and evenness of the tree species, total fine-root biomass of the stands, base saturation, pH of the soil, soil water content and soil temperature was analyzed by single factor linear regression analyses (software package Xact version 8.03, SciLab, Hamburg, Germany). Data on diversity indices (Shannon-index and evenness) of the stands were obtained from Mö lder and others (2008) .
RESULTS
Seasonal Variability of Fine-Root Biomass and Necromass
The seasonal variability of fine-root biomass in the three studied plots DL 1a, DL 2c, and DL 3a was low in the period of April 2006 to January 2007. The seasonal biomass maxima and minima differed by not more than 20% in this 9-month period if the stand totals (all species) were considered (Figure 2) . Biomass minima were recorded in all plots in April 2006, maxima in June 2006 (DL 2c and DL 3a) or in January 2007 (DL 1a). Mean fine-root biomass of the stands was higher in the two mixed stands (DL 2c and DL 3a: 370 g m -2 ) than in the monospecific DL 1a plot (265 g m -2 ) in the period of the study. Our data indicate that the different species in the two mixed stands were different in their biomass seasonality with the asynchronous occurrence of maxima and minima. For example, fine-root biomass of Acer and Carpinus tended to be highest in April in the DL 3a plot, whereas Tilia reached its peak in June, Fagus in September, and Fraxinus in January. However, most of the seasonal differences were not significant but more tendencies.
In general, seasonality was more pronounced in fine-root necromass than in fine-root biomass. Seasonal minima and maxima of total fine-root necromass differed by about 40% in plot DL 1a, but by a factor of 3.6 in plot DL 2c. In all plots, fine-root necromass was significantly lower in January 2007 than at earlier sampling occasions. In the two mixed stands, the necromass of the species and also of the whole stand was highest in June and lowest in January. This indicates that seasonal minima and maxima occurred simultaneously in the plots of DL 2c and DL 3a. In contrast, in the DL 1a plot, the fine-root necromass of Fagus was highest in April and significantly lower in June and January.
Fine-Root Production Estimated by Sequential Coring
Fine-root production as estimated with the sequential coring procedure in the period April 2006 to January 2007 increased markedly with increasing tree species diversity, ranging from 186 g m -2 y -1 in the plot DL 1a to 564 g m -2 y -1 in the DL 3a plot (Table 2) . Results from a Spearman rank correlation analysis revealed that the fine-root production of the stands was not significantly affected by standing fine-root biomass, but strongly depended on tree-species diversity (P < 0.001).
In the mixed stands, 60-71% of total annual fine-root production occurred in the uppermost soil layer, whereas in the DL 1a plot, 54% of the estimated total annual fine-root production took place in 10-20 cm soil depth. In the DL 2c plot, Fraxinus (259 g m -2 y -1 ) was the most productive species in the entire soil profile followed by Fagus (154 g m . Seasonal variation in fine-root biomass and fine-root necromass at 0-20 cm soil depth in the DL 1a, DL 2c and DL 3a plots. Given are means (±1 SE) of profile totals and of single tree species from 24 sampling locations per plot on four sampling dates (April 21, 2006 , June 28, 2006 , September 27, 2006 , January 15, 2007 . Different letters indicate significant differences of total fine-root biomass between sampling dates (P < 0.05).
fine-root production in this plot. In the DL 3a plot, total annual fine-root production was mainly composed by contributions from Tilia (31%), Acer (21%) and Fraxinus (18%). Herbs had only a minor part in fine-root production with 3-11 g m -2 y -1 in all plots. Calculation of annual fine-root turnover (that is, production per standing biomass) for the three stands revealed that the turnover increased from 0.70 y -1 in the DL 1a plot to 1.33 and 1.51 y -1 in the DL 2c and DL 3a plots, respectively.
Fine-Root Production and Recovery Rate Estimated by Ingrowth Cores
The fine-root biomass of trees and herbs grown into root-free soil increased with increasing tree species diversity (Figure 3) . Tree fine-root growth increased significantly from 72 g m -2 y -1 in the DL 1 plots to 166 g m -2 y -1 in the DL 3 plots (Figure 3A) . The ingrowth cores in the DL 2 plots were mainly colonized by Fagus (48% of total) and Fraxinus (41%) roots, whereas five tree species contributed to the ingrowth in the DL 3 plots. In these species-rich stands, 38% of total annual fineroot production was identified as Tilia roots, followed by Fraxinus (24%) and Carpinus (14%). Annual fine-root growth of herbs increased from 2 g m -2 y -1 in the DL 1 plots to 9 g m -2 y -1 in the DL 3 plots ( Figure 3B ). Although annual herb root growth was 4.5 times higher in DL 3 plots than DL 1 plots, this difference was only marginally significant at P < 0.1 due to the large variation among the plots of a diversity level.
The fine-root recovery rate (fine-root growth into ingrowth cores expressed per unit standing Given are the differences between maximum and minimum fine-root mass (bio-plus necromass) from four sampling occasions (April 21, 2006 , June 28, 2006 , September 27, 2006 , January 15, 2007 ; n = 24 sampling locations per plot and sampling date) for the occurring tree species and the stand totals. 'Other species' refers to annual fine-root production of the rare species Acer campestre, Prunus avium, Ulmus glabra, and Quercus petraea. Tree fine root growth Figure 3 . Fine-root growth of trees (A) and herbs (B) into root-free soil estimated with ingrowth cores in 12 plots of the three diversity levels. Given are means (±1 SE) for profile totals (0-20 cm) and tree species contribution in the four plot replicates per diversity level (approximately 20-30 sampling locations per plot). Different letters indicate significant differences between plots of the three diversity levels (n = 4) at P < 0.05. Note different scales for tree and herb fine-root growth.
fine-root biomass) of the stands significantly increased from 0.26 y -1 in DL 1 plots to 0.51 y -1 in the DL 3 plots (Table 3) . This pattern was also found for the recovery rate of Fagus roots, which increased to an even greater extent from 0.26 y -1 to 0.85 y -1 with increasing tree species diversity, that is, from the monospecific to the mixed DL 3 stands. The recovery rate of Fraxinus did not differ between plots of DL 2 and DL 3, whereas for Tilia, a significant increase from 0.16 y -1 (DL 2 plots) to 0.63 y -1 (DL 3 plots) was found. The fine-root recovery rate of Acer also increased from the DL 2 plots to the DL 3 plots.
The ingrowth of tree and herb fine roots into the root-free soil cores was significantly correlated to a number of forest stand characteristics and edaphic parameters (Table 4 ). The strongest correlation was found between the Shannon-index of the tree species and the annual root growth of trees (r = 0.79; P < 0.001) and herbs (r = 0.72; P < 0.01). In contrast, standing fine-root biomass was neither related to tree root growth nor herb root growth into the ingrowth cores. However, the annual growth of tree and herb roots showed positive relationships with base saturation and soil pH (H 2 O), whereas no significant correlation was found with soil water content. Daily mean summer soil temperature at 5 cm soil depth showed a positive relationship only to the ingrowth of trees, not to that of herbs.
DISCUSSION
Seasonality of Fine-Root Biomass and Necromass
Temperate tree species have been found to differ markedly in their phenologies of fine-root growth, Means ± SE from four plot replicates per diversity level and 24 ingrowth core locations per plot. Different letters indicate significant differences between species (Greek letters) or diversity levels (Latin letters) at P < 0.05. resulting from different endogenous rhythms of carbon allocation to roots and contrasting root growth responses to temperature (Teskey and Hinckley 1981; Lyr and Garbe 1995; Lyr 1996) . For example, maximum root growth of Fagus and Tilia was observed at 20°C, whereas Carpinus revealed optimal root growth at higher temperatures (25-30°C), Acer pseudoplatanus at lower temperatures (15-20°C) (Lyr and Garbe 1995; Lyr 1996) . Moreover, cold temperature seems to inhibit root growth of temperate tree species differently (Tryon and Chapin 1983; Steele and others 1997) . Thus, we can expect that different fine-root growth rhythms overlay each other in mixed stands which should result in a less distinct seasonality of fine-root biomass in species-rich as compared to species-poor stands. In our study, the majority of tree species showed an increase in standing fine-root biomass from April to the end of June 2006, and a more or less constant biomass (or a slight decrease) through the autumn and winter 2006/2007. Even though we observed opposing seasonal biomass trends in certain coexisting species (for example, in Fraxinus and Tilia in stand DL 3a), seasonality of fine-root biomass was generally low on the species level and also on the stand level. Moreover, we found no indication of a more pronounced biomass seasonality in the monospecific beech stands (DL 1a) as compared to the mixed DL 2c and DL 3a stands. In general, there was a root biomass increase from April to the end of June (which was significant in the DL 1a and DL 3a plots) and a more or less constant biomass during summer, autumn and also winter. This is astonishing because soil temperature at 5 cm depth varied between 19.6 and 0.4°C over the year and soil moisture reached minima during dry periods at the end of July 2006. Thus, neither drought nor winter temperature resulted in a significant decrease of standing fine-root biomass in the Hainich forest. Low seasonal variations in fineroot biomass have also been reported from other temperate and boreal forests, for example, in Scots pine stands in Scandinavia (Persson 1978 (Persson , 1983 Makkonen and Helmisaari 1998) . On the other hand, McClaugherty and others (1982) and Vogt and others (1981) observed one or more distinct fine-root biomass peaks in temperate North American forests. In our study, seasonality was generally more pronounced in fine-root necromass than in fineroot biomass in all plots. Necromass increased during summer and decreased strongly during winter in the mixed DL 2 and DL 3 plots, whereas it reached a peak in April and September and decreased only slightly during the winter in the beech-dominated DL 1 plot. In contrast to our results from the mixed plots, Konô pka and others (2006) and McClaugherty and others (1982) found that the amount of necromass was larger at the beginning and the end of the growing season than in mid-summer. Like in our study, Hertel (1999) found a fine-root necromass accumulation during summer in four beech forests. Necromass peaks in summer or autumn may result from elevated root mortalities (for example, Hendrick and Pregitzer 1993) , or reduced root decomposition rates, both induced by summer droughts.
In the absence of fine-root decomposition data, we can only speculate about the fate of root necromass, which disappeared during the observation period. In our study, fine-root necromass decreased by 51-71% in the mixed DL 2 and DL 3 plots from the September to the April sampling date which points to a rapid fine-root decomposition even during autumn and winter. Similar to leaf litter (Jacob and others 2009) , fine roots were found to decompose faster in the mixed plots. Very rapid fine-root decomposition was also observed in a minirhizotron study, in which the majority of birch and maple fine roots that died during the winter disappeared completely in April and showed a median decomposition period of 35 days (Tierney and others 2001) . Joslin and Henderson (1987) determined an annual fine-root decomposition rate of 30-35% in a mixed hardwood forest, whereas fine roots of Norway spruce (Gaul and others 2008) , sugar maple and white pine others 1982, 1984) decomposed with mass losses of 12-26% per year. Fine-root decay processes are investigated almost exclusively with litterbags (Silver and Miya 2001) . Estimations from two studies using an 'intact-core' technique, however, revealed 10-23% greater annual mass losses, indicating an under-estimation of fine-root decomposition by the litterbag method (Dornbush and others 2001; Gaul and others, unpublished data) .
The more rapid fine-root decomposition in the DL 2c and DL 3a plots in autumn and winter, as inferred from the pronounced necromass decrease, may be explained by the higher pH values and higher base saturation of the soil in these plots, which should favor root decomposition. In their literature review on global patterns of root decomposition, Silver and Miya (2001) concluded that the chemical composition of the root tissue (mainly Ca concentration and C/N ratio) influences root decay more than abiotic factors (for example, temperature or soil moisture). The chemical composition of the root tissue is known to depend lar-gely on soil chemical properties (King and others 1997; Silver and Miya 2001) . In the present study, not only the higher soil pH and base saturation in the DL 2 and DL 3 stands should have caused a root chemical composition more favorable for rapid root decay, but the change in tree species composition from beech to species with a more rapid root decay in the more diverse stands as well. In fact, fine roots of various tree species occurring in the DL 2 and DL 3 plots (in particular Fraxinus, Carpinus, and Acer) are characterized by higher nutrient concentrations and lower C/N ratios than beech fine roots (Withington and others 2006; Meinen and others, unpublished) .
Fine-Root Production
It has frequently been shown that estimates of fineroot production in forest ecosystems strongly depend on the chosen method (Aber and others 1985; Majdi 1996; Vogt and others 1998; Hertel and Leuschner 2002; Majdi and others 2005; Hendricks and others 2006; Gaul and others 2009) . To reach the goals of this study, that is, to estimate fine-root production along the species-diversity gradient for each tree species separately, we decided to use a combination of two independent methods, which allow for species identification at the fine root level. The 'minimum-maximum' calculation based on the data from the labor-intensive sequential coring method gave roughly three times larger annual fine-root production estimates for the two mixed stands (DL 2c and DL 3a) than for the beechdominated DL 1a stand (about 500 and about 560 vs. 180 g m -2 y -1
). The fine-root production values obtained with the ingrowth core approach conducted at all 12 plots were markedly lower, but also showed a significant increase with tree species diversity from approximately 70 g m -2 y -1 (DL 1 plots) to approximately 170 g m -2 y -1 (DL 3 plots). The root production estimates obtained with the two approaches range in the lower and middle sections of fine-root production data given by Nadelhoffer and Raich (1992) for forest ecosystems in a global survey (25-820 g m -2 y -1 ). A preliminary review of available literature data on fine-root production estimates for mixed temperate forests revealed a similar range (approximately 50-900 g m -2 y -1 ; data from McClaugherty and others 1982; Hendrick and Pregitzer 1993; Aber and others 1985; Burke and Raynal 1994; Hertel and Leuschner 2002) . Most of the cited studies used the sequential coring approach. Hendrick and Pregitzer (1993) used the minirhizotron approach, a method that is often assumed to produce more reliable data than other approaches (Johnson and others 2001; Majdi and others 2005; Hendricks and others 2006) , and obtained very high fine root production estimates for two broad-leaved forests (730 and 800 g m -2 y -1 ). In our study, the differences in root production estimates of the ingrowth core and sequential coring approaches may have been caused by the different root fractions included in the respective analysis. In the case of the ingrowth core approach, only living and dead root fragments of larger size (>10 mm length) are considered, whereas the sequential coring analysis also includes smaller fractions of dead root material that account for a large proportion of the fine-root necromass. The seasonal variation of fine-root necromass, which results from fluctuations in root mortality and root decay, is much more pronounced than that of fine-root biomass, as is particularly evident in the two species-rich DL 2 and DL 3 plots. Hence, one may speculate that the low root production estimates obtained from the ingrowth core approach might be due to an underestimation of seasonal changes in the dead fineroot fraction. The much larger seasonal fluctuation in fine root necromass in the DL 2 and DL 3 plots is most likely a reflection of more rapid root decay in these stands with higher pH values; these dynamics are neglected by the ingrowth core approach.
Although the absolute numbers of the fine-root production estimates may be questionable, the trend for higher production rates in the species-rich stands is supported by the results of both approaches. We are aware of only two studies comparing fine-root production in pure and mixed cultures of woody plants. In contrast to our results, McKay and Malcolm (1988) reported fine-root production about twice as high in pure stands of spruce and pine as compared to mixtures of these species. On the other hand, results of Fredericksen and Zedaker (1995) were in agreement with our results by observing a higher fine-root production in mixtures of loblolly pine and black locust saplings than in pure stands of these species. Why the species-rich stands in our study had markedly higher fine-root productions remains unclear. Both approaches indicate a shorter mean root lifespan in the more species-rich stands, a conclusion which needs confirmation by direct observation with minirhizotron tubes. Thus, further investigations using advanced methods of quantifying fine-root production in mixed stands are needed to answer the question as to whether belowground productivity of forests is enhanced by tree species diversity and what mechanisms are causing a putative belowground overyielding effect.
Diversity Effects on Tree Fine-Root Productivity
Fine-Root System Recovery After Disturbance Ingrowth cores were developed as an approach for estimating fine-root growth in a simple and repeatable manner (for example, Persson 1979 Persson , 1983 Vogt and others 1998; Makkonen and Helmisaari 1999; Jentschke and others 2001) . However, this method introduces a major disturbance to the rhizosphere upon core installation, and thus often yields biased root production estimates (Powell and Day 1991; Makkonen and Helmisaari 1999; Hertel and Leuschner 2002; Ostonen and others 2005) . On the other hand, this disturbance may represent a well-defined, replicated experiment to analyze the local regrowth of the tree species' fine-root system and thus may serve as a measure of the root system's ability to recover after disturbance. Our ingrowth core experiment with 30 cores per plot (in total 360 cores), which were exposed for 24 months, showed a significant increase in the rate of fine-root ingrowth into the cores from 72 g m -2 y -1 in the monospecific DL 1 plots to 167 g m -2 y -1 in the species-rich DL 3 plots, that is, a more than twice as rapid ingrowth when a higher number of species were present as roots in the soil compared to soils with only one root species. The recovery rate of fine-root biomass in the cores increased significantly from 0.26 y -1 in the DL 1 plots to 0.51 y -1 in the species-rich DL 3 plots. We interpret these results as evidence in support of the insurance hypothesis of biodiversity in the sense that a forest with a higher tree diversity recovers more rapidly in its fine-root system after a topsoil disturbance. However, an alternative explanation of different root ingrowth rates, which refers to differences in soil chemistry, also has to be considered. Soil pH(H 2 O) was about 1.0 to 1.5 units lower in the monospecific DL 1 stands than in the DL 2 and DL 3 stands, which is thought to be mainly a consequence of the higher acidification potential of beech leaves (Hagen-Thorn and others 2004; Guckland and others 2009). Thus, it could be that effects of soil acidity or lower soil fertility on root growth are interfering with diversity effects on fine-root growth in our study. However, most studies investigating fine-root productivity along soil acidity or soil fertility gradients have not found a decrease in fine-root productivity with increasing acidity or decreasing nutrient availability, but rather an increase in fine-root production (Aber and others 1985; Cô tè and others 1998; Hertel 1999; Jentschke and others 2001; Godbold and others 2003) . Thus, it appears that the different root growth rates in the ingrowth cores of our study are mainly a consequence of the diversity gradient and not of the acidity gradient.
A higher capability for fine-root recovery may be relevant for various types of topsoil disturbances that occur irregularly in forests, for example, uprooting of trees, through the foraging activity of wild boar, or by logging activities. We assume that species-rich forests are able to recolonize disturbed, root-free soil patches more rapidly than speciespoor stands. Different phenologies of fine-root growth for the five species as observed in the studied forest stands could be one reason for a faster recovery in more diverse tree root systems. In the case of the herb root response, we assume that the sparse cover of the herb layer in the DL 1 plots retarded the root ingrowth as compared to the DL 2 and DL 3 plots with a richer herb layer.
